The sequence of mitosis in sea urchin eggs was investigated in the presence and absence of D2O. Among the many reported physiological effects of heavy water (D2O) (1, 4, 15), Inoue and Sato (2) have reported its effects on the mitotic spindle of living eucaryotic cells. D2O at a concentration of less than 45 % enhances the volume and birefringence of the mitotic spindle. Its maximum effect is at 45 % D2O (2, 12). The mechanism of this effect, however, has yet to be determined.
Among the many reported physiological effects of heavy water (D2O) (1, 4, 15), Inoue and Sato (2) have reported its effects on the mitotic spindle of living eucaryotic cells. D2O at a concentration of less than 45 % enhances the volume and birefringence of the mitotic spindle. Its maximum effect is at 45 % D2O (2, 12) . The mechanism of this effect, however, has yet to be determined.
As to the physicochemical properties of D2O, protein molecules are thought to increase their hydrophobicity in a D2O solution (3) . Because hydrophobic interaction also is said to be involved in the assembly of microtubules (2) , the effect of D2O on the mitotic spindle probably is a direct reflection of strengthened binding between tubulin molecules.
In fact, D2O at a concentration of more than 60 % stabilizes the metaphase spindle in vivo and inhibits cell division (1) . But D2O at a concentration of less than 45 % does not arrest cell division (2, 12) ; parallel increases in the D2O concentration and the enhancement of the mitotic spindle take place at concentrations below 45 % (12) . At a concentration of more than 45 %, the increase in volume stops and spindle birefringence decreases, depending upon the increase in the concentration. For this reason, we have defined the effect of D2O described in this paper as the action Abbreviations used: FSW, filtered sea water; ASW, artificial sea water; CFSW, calcium-free sea water; CMFSW, calcium, magnesium-free sea water; EGTA, ethylene-glycol-bis-(fl-Aminoethyl ether) N, N'-tetraacetic acid; DTT, dithiothreitol; MES, 2-(N-Morpholino) ethanesulfonic acid; PIPES, piperazine-N, N'-bis (2-ethanesulfonic acid); TAME, p-tosyl arginine methylester HCL.
performed by D2O at concentrations of less than 45 %.
If the D2O effect on the living mitotic spindle is related to strengthened hydrophobic interaction between tubulin molecules, microtubules under deuterated conditions would be protected from depolymerization by the effect of the reinforced hydrophobic bonds between the molecules.
At anaphase, spindle microtubules depolymerize and the distance between the pole and chromosome is shortened. These events are essential to mitosis in terms of the mutual segregation of duplicated chromosomes. If the effect of D2O is related to modulation of hydrophobic interaction, at anaphase inhibition of the disassembly of microtubules would occur in the pole region of the mitotic apparatus. This inhibition is thought to delay mitosis.
We here report the effects of D2O on the length of mitosis in developing sea urchin eggs. normal ASW, they developed normally with no further delay in the mitotic period (data not shown). Stability of the isolated mitotic apparatus. Low temperature. To study the stability of the isolated mitotic apparatus under low temperature, we used MES isolation medium. Mg++ was deleted from this medium because its presence causes overstabilization of spindle microtubules and prevents the degeneration of spindle microtubules and prevents the degeneration 
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DISCUSSION
Our results show that D2O at concentrations of less than 45 % does not inhibit anaphase chromosome movement. The extension of the anaphase was less than 50 % (Table 1 ). This extension apparently is due to elongation of the spindle in D2O (2, 12, 14) .
If the velocity of anaphase chromosome movement in D2O sea water is equal to that in normal sea water, the chromosomes of the deuterated spindle would require more time to move from metaphase plate to their goal near the spindle pole region because of the lengthened distance to be traveled. In fact, enhancement of spindle length was as much as 1.5-fold in 45 % D2O.
It is most likely that the migration speed of anaphase chromosomes is regulated by microtubule dissociation (2) . Thus, if microtubules are stabilized and prevented from dissociating in the presence of D2O, anaphase chromosome movement should be suppressed. From our analysis of the mitotic process in D2O, we conclude that enhancement of spindle birefringence and its volume in D2O at concentrations below 45 % (14) does not signify stabilization of the mitotic spindle.
Marsland and Zimmerman (4) reported structural stabilization of the mitotic apparatus in D2O, but the concentration of D2O they used was more than 60 %. Differences in concentration are important in studies of the D2O effect during mitosis, especially in studies of its effect on the mitotic spindle (2, 12) . We therefore investigated the effects of D2O concentrations of less than 45 %.
To test the above hypothesis concerning the stability of mitotic microtubules, we studied the stability of isolated mitotic apparatus with, and without, D2O. We measured the decay process of mitotic spindle birefringence against Ca ions and low temperatures. There was no difference between the normal and deuterated conditions (Figs. 5 and 6). Our results are evidence that D2O does not strengthen the binding properties between tubulin molecules assembled in microtubules.
In our previous study (14) , a thermodynamic analysis of the D2O effect on the mitotic spindle was done; we concluded that D2O does not enhance the hydrophobic interaction of tubulin molecules. Our conclusion is consistent with the results of the study reported here. We can exclude the possibility that strengthening of binding properties, other than hydrophobic interaction, is involved in the mechanism of the D2O effect on the mitotic spindle.
Our results show that D2O affects the length of time from prophase to metaphase. The time at which the nuclear envelope breaksdown (initiation of prometaphase in the time table of H. pulcherrimus) was not affected, but establishment of the metaphase plate was delayed by the presence of D2O.
D2O is thought to promote microtubule assembly (5), and prometaphase is the stage in which the intracellular conditions must be favorable for tubulin association (2) . Therefore, we expected the acceleration of prometaphase, but results show its elongation. The reason for this is not known, but in a previous study (14) , we concluded that D2O increased the number of polymerizable tubulin molecules. In prometaphase, local association and dissociation of tubulin probably takes place in the mitotic spindle during the latitudinal arrangement of the duplicated chromosomes along the equatorial plane. Therefore, the increased concentration of tubulin molecules is considered to influence the association-dissociation balance of tubulin molecules and to retard establishment of the metaphase plate. This, however, is only speculation, more detailed analyses are necessary to verify whether this is so.
